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ABSTRACT OF OBJECTIVES AND ACCOMPLISHMENTS:

Synthetic chemistry using elemental fluorine, sometimes called direct
fluorination chemistry, is now entering its industrial era. Presently there are
at least four major U.S. companies involved in industrialization and scale-up
processes, mostly in the organofluorine area. This may soon be true worldwide
for at least three and possibly as many as five Japanese firms are also heavily
committed to new processes using elemental fluorine. Some of the U.S. firms and
perhaps some of the Japanese firms are committed in a very substantial way to
establishing very broad direct fluorination programs and research efforts.

Surprising, even to us, is that many of the things just recently targeted for
commercialization in these programs grew from or are directly related to
initial research efforts in our research program which has been supported by the
Air Force Office of Scientific Research over the past ten years. Certainly,
projects which were initially investigated in our laboratory are now targets of
industrial development.

Over the last several years our research program has been heavily involved in
developing the technology previously mentioned which is now being focused
upon commercially to established broad based routes to perfluoropolyethers, one
of the most exotic and important classes of high performance materials to be
developed over the last twenty years. Our original route involved the very
straightforward controlled elemental fluorination of hydrocarbon polyethers, the
simplest process being the fluorination of the hydrocarbon poly(ethylene
oxide):1

- 3

F2/He
(CH2CH20)n - (CF2CF20)n + HF

These direct fluorination techniques have markedly increased the number of
perfluoropolyether structures available for study; however, there are only 13
commercially available hydrocarbon polyether precursors.

A new development in the perfluoroether field enables the synthesis of a number
of surfactants and perfluoroesters containing ether linkages. This extends the
technique and the manuscript establishes a number of new synthetic routes to
surfactants." There is already industrial interest in this new technology.

A number of really intriguing perfluoropolyether structures have been
prepared using our technique involving perfluorination of polyethers followed by
conversion of the ester linkage to a perfluoroether using SF 4. For example, a
manuscript is in preparation now on the following structure:

CF 3  CF 31 1
(-CF 2-C-CF2O-CF--C-CF2O-.n 2 V-) n

I I
CF-3  CF 3

This structure is a very interesting molecule structurally.
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Another breakthrough in the synthesis of perfluoropolyethers involves the
synthesis of branched perfluoropolyethers from copolymers based on
hexafluoroacetone.' Three new perfluoropolyether structures have been produced
by fluorination of hexafluoroacetone copolymers with ethylene oxide-propylene
oxide oxetanes:

heza@XfuOMt/ptopyia. oxzde copoiyuiM
II(-~C O -), (1)

F35 CHS Fs3F

(7gr473Clto), (3.

Another significant breakthrough that has been made in our laboratory in the
last two years is the process for partial fluorination of gas separation
membranes. We have known from previous work that fluorination of polymer
surfaces provides excellent gas diffusion barriers and liquid diffusion
barriers. We reasoned that light fluorination of a selective gas separation
membrane would change the selectivity in very pronounced ways. We have then
tested this hypothesis on normal thin film membranes and soon hope to work on
porous fiber (asymmetric) membranes. We have found that the selectivity
increases especially for "size separation" systems are very large indeed (often
after light fluorination the increase in selectivity is on the order of 103!).7

A number of novel highly branched perfluoroether monomer structures which we
have called "spherical perfluoroethers" have been prepared. The lubrication
properties of these "molecular ballbearings" are currently under investigation.
These stable monomers are of the generic structure

Rf

0

C

Rf- 0 - C - C -C - 0 - Rf

C

0

Rf

where Rf is a perfluoro organic group.'

• r V .tW t A W " ,
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Recently we published a manuscript on the first perfluoro crown ethers. 9 Namely
perfluoro 18-crown-6, perfluoro 15-crown-5, and perfluoro 12-crown-4 have been .6
prepared.

New perfluorocyclic compounds have been recently prepared including
perfluorocyclodecane, perfluorocyclotetradecane and perfluorododecane.10 Their
applications are being investigated in several biomedical areas.

Another area of active interest recently in our research program has been
the synthesis of organofluorine sulfur compounds.1" One of the most spectacular
of these recently prepared is the species perfluoroneopentyl sulfur
pentafluoride which we obtained in high yield from the mercaptan.

We have had a long and continuing interest in highly branched fluorocarbons.
One very interesting compounds just prepared is perfluoro-3,3-diethylpentane
(a perfluoroneopentane analogue):12

C IF3

CF2

CF2
CFC CF3

CF3
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Over the last several years our research program has been heavily involved

in developing the technology previously mentioned which is now being focused

upon commercially to established broad based routes to perfluoropolyethers, one

of the most exotic and important classes of high performance materials to be

developed over the last twenty years. Our original route involved the very

straightforward controlled elemental fluorination of hydrocarbon polyethers, the

simplest process being the fluorination of the hydrocarbon poly(ethylene S

(CH 2CH2O). (CFCF2O), + HF (I)

These direct fluorination techniques have markedly increased the number of

perfluoropolyether structures available for study; however, there are only 13

commercially available hydrocarbon polyether precursors.

We have developed a new synthetic method which we consider to be truly

general and which will open synthetic routes to literally hundreds of different

perfluoroether and perfluoropolyether structures. 4 This synthetic technique

involves the conversion by direct fluorination of hydrocarbon polyesters to

perfluoropolyesters followed by treatment with sulfur tetrafluoride to produce

new perfluoropolyethers and in some cases perfluoropolyether esters which can

be hydrolyzed to produce functional fluorocarbon polyethers.

Genera Synthetic Scheme
0 0 00l ii p II II(I) . 1-O .CRO11.', 4+CR

(1) +oCRC0R*.* on '

0 0 F F

F. F I F

I I I I
(40CRCO;Aj r-, MORCf.

I I
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The first reported syntheses in this manner were the conversion of

poly(2,2-dimethyl-1,3-propylene succinate) (I) and poly(1,4-butylene adipate)

(II) to novel branched and linear perfluoropolyether structures, respectively:

CHI 0 0 ci,

(1) +CNO COCHCNcO'-
I $,IrTrlqAW1V

0 0

M), +CCM~ oC~CNCC"C0*' 2.S1

These new methods offer a number of significant and important advantages.

The first advantage with this technique is that it is possible to prepare

perfluoropolyethers containing more than two sequential carbon atoms in the

perfluoropolyether backbone between adjacent oxygen sites. In the tetrafluoro-

ethylene oxide and hexafluoropropylene oxide technology (i.e., polymerization

of vinyl monomers and vinyl epoxides), one is limited to repeating two carbon-

ether chains. A second important advantage is that perfluoropolyethers with

unsymmetrical repeating units (alternating copolymers) are available (AOBOAOB)

whereas with vinyl epoxides, other than random copolymers, one must have

repeating AOA structures. A third advantage is that this technique also is

capable of producing highly branched ethers which have elastomeric properties

and fluids of higher thermal stability.

It is clear that if one considers as a class vinyl epoxides of the form

of structure 2 where R groups are large, such as more than two trifluoromethyls

or structures much more exotic, polymerization would be hampered markedly by

the steric bulk of certain R groups, leading to a low molecular weight

materials.

0I  R00. t 3

R4c
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In many cases the synthesis of certain vinyl-substituted epoxide monomers would

" be extremely difficult or impossible even if polymerization were not a problem

A fourth and very important advantage with this method is the ease with which

one can leave ester units in the high polymer and subsequently base hydrolyze

to produce difunctional fluorocarbon polyesters of lower molecular weight.

0 0

,),.O~CON

3

Functionalizatlon of fluorocarbon polyethers is exceedingly difficult with

conventional technology and often involves many steps and extremely high costs.

An important effect observed when nonstoichiometric amounts of SF4 are used is

illustrated in Figure 1. Normally a 2-fold excess of SF4 is necessary to obtain

molecular weght b

VM i. Gamman diutributia of difuncteoi perfluropolyeet mo.
imiar weighto produced witha and Pa/2 aol of SF,. Both ampk are
hydrlWyznd to produce the dzca ds r trutmeat with SF,.

the high molecular weight nonfunctional polymer. As illustrated, if less than

stoichiometric amounts of SF4 are used, one obtains different Gaussian .

distributions of molecular weights, indicative of the average distance between

the ester units left in the macromolecule. By varying the SF4 used, it is

possible to shift the average molecular weight distribution at will. This

technology makes available a very low-cost route to important new fluorocarbon

surfactants and intermediates.

There are some 350 commercially obtainable linear hydrocarbon polyesters;

thus the sulfur tetrafluoride-to-ether conversion technique is very broadly

.~r
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applicable to produce many novel perfluoroether structures. There are also

over 750 hydrocarbon polyester structures prepared and characterized in the

literature, allowing this technique almost total structural flexibility.

A new development in the perfluoroether field enables the synthesis of

a number of surfactants and perfluoroesters containing ether linkages. This

extends the technique and the manuscript establishes a number of new synthetic

routes to surfactants.6 There is already industrial interest in this new

technology.

SPECTRAL ASSIGNMENTS OF COMPOUNDS FROM 0% SF4 REACTION

Highest m/e 19 F R H M

Compound in mwass spec (re1. CFC1 3 ) (rel. T1 )

(CF2 0 CH 159 -120.6 63.91(CF2 {2C CC )2 3

(CO2CM3)2  59 63.89
P-CO2 CH 3

(CF2 CO2M)2  145 -120.3 511.43

(C0 2 H)2  45 69.00P-CO 
2
2

SPECTRAL ASSIGNMENTS OF COMPOUNDS FROM 251 SF4 REACTION

Highest We 1
F INCompound In mass Spetc F M M WR ,

(IF ) 159 -120.6 63.96*

(COCX3 2 P'2 59 63.96*
(CO2 H 3)2P-CO 

2043

H CO CCF 200F CF CF CO 04 275 a -77.8 43.96*

a b c d 
b -83.7

c -126.8

d -119.1

'Average chemical shift of CM3 's
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SPCTRM ASSIGNMENTS OF COPMIPO S FROM SO% SF4 REACTION k

ampound Highest M/e 19F  1

In mass Spec F t NMR

H3 CO2CCF2OCF2CF2CF2 CO2 CH3 275 a -77.3 63.93*

a b c d P-CO 2 CH3  b 44.2

c -127.0

d -119.0

H3 CO2CcF2CF 2CF2 O(CF 2 )2 OCF2 CF2 CF2CO.2 CH3  491 a -119.0 63.93*

a b c d c b a b -127.0

c -84.2

d -88.7

H3CO2CCF OCF2CF CF CF OCFC02 C 3  391 a -77.3 63.93*

a b c b a PCO2CH3  b -84.2

c -125.5

H3 CO2CCF2 OCF2CF CF CF OCTCF OCF2 CF CF CO2OI3 607 a -77.3 63.93-

4 2b 2c 2c 2 d 2 be2a f 2CC3 -O2 03 b -84.2

c -125.5

d -88.7

a -127.0

f -119.0

•Average Chemical shift of 4' S

SPECTRAL ASSIGMENTS OF COMPOUNDS FROM 100 SF4 REACTION

Highest We 19 F IR I

Coound in mass Spec Im

(H3CO2 CCF2 OCF2 CF2 CF 2 CF2 OCF 2 )2 723 a -78.0 43.94*

a b c c b d 23 b 83.3
c -125.3

aHCzCZ~CzCz~O~CzZ b d d c a PC02CH3 ~b -126.316"I1"'"63" .*

d -8.6

93a -119.3 4.4

H3CO2 CCF2 O(CF2 CF2 CF2 CF2 OCF2 CF)2 )2CF2CF2CF O2CH3  -78.0 63.94*

b c c b d d b • f b -83.3

c -125.3
939

p.C02CH3 -88.6

a -126.6

f -119.3

*Average chemical shift of C3' 5
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A number of really intriguing perfluoropolyether structures have been prepared using
4

this technique. For example, a manuscript is in preparation now on the following

structure:

CF3  CF3
(-CF2-C-CF2O-CF2 -C-CF2 O-)nCF3  CF3

Note that this is a very interesting molecule structurally. It essentially

contains perfluoro neopentyl (almost a perfectly spherical and inert fluoro-

carbon group) connected with a chain of very flexible oxygen hinges. The

materials that we have prepared have a degree of polymerization around 150

and are extremely stable solids (decomposing about 4200C). This structure is

much like a chain of pearls with the oxygen serving as the string and makes

very little contact with a surface, for example in lubrication studies. This

is thought to have potential as a solid lubricant and samples are under study

in the National Aeronautics and Space Administration Lewis Research Center's

Tribology Department. Efforts are underway to make even higher molecular weight

species.

Another breakthrough in the synthesis of perfluoropolyethers involves the

synthesis of branched perfluoropolyethers from copolymers based on

hexafluoroacetone.7  Three new perfluoropolyether structures have been produced

by fluorination of hexafluoroacetone copolymers with ethylene oxide-propylene

oxide oxetanes: M OOd POlYMW

-cocK Io,-- ()

hemafluoroecatone/prnpylene oxide copolymer

houfluorocetone/ozeta copolymer

Z iaatF1 (
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The general scheme of the polymerization process is as follows:

0 A 1R N

cvIccF3 + HCCH20 - E-CoCcao-2,-

The physical properties of these new structures are still being evaluated but it

should be noted that prior to our work there were available only Du Pont's

homopolymer of hexafluoropropylene oxide and Monticatini Edison's polymerization

of mixtures of oxygen and tetrafluoroethylene (to give two different

structures). Therefore with the exception of various molecular weight ranges,

before our work there were really only three structures known.

Another significant breakthrough that has been made in our laboratory in

the last two years is the process for partial fluorination of gas separation

membranes. We have known from previous work that fluorination of pclymer

surfaces provides excellent gas diffusion barriers and liquid diffusion

barriers. We reasoned that light fluorination of a selective gas separation

membrane would change the selectivity in very pronounced ways. We have then

tested this hypothesis on normal thin film membranes and soon hope to work on

porous fiber (asymmetric) membranes. We have found that the selectivity

increases especially for "size separation" systems are very large indeed (often

after light fluorination the increase in selectivity is on the order of 103!).

These observations according to Professor Don Paul, a recognized authority in

the field, constitute a major breakthrough in separation technology. This

area of chemistry will also be a substantial part of our new program; it is now

being developed jointly with Professor Donald Paul of The University of Texas

Department of Chemical Engineering. A joint paper on this new phenomenon was

recently published.
8

In a system as simple as polyethylene, Figures 2 and 3 show a dramatic

selectivity effect. First note that on Figure 2 the helium diffusion and hydrogen
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diffusion are completely unaltered, thus there is no drop off in flow rate whereas

the permeability to carbon dioxide and methane are decreased by several orders of

magnitude.

In our last proposal to AFOSR, we proposed synthesis of the highly branched

perfluoropolyether structure below: CF3

CF3 - C - CF3

0

CF3 - C - 0 - CF2 -C - CF2 - 0 - C - CF3

1 3

CF3  CF2  CF3

0

CF3 - C - CF3

CF3

Perfluoro(pentaerythrityl tetra-t-butyl ether)

We did prepare some quantities of this and found that it was a rather viscous

fluorocarbon grease. Perfluoropolyethers, it should be said, are very special

materials because the ether linkage acts as a hinge. Therefore, many perfluoro-

polyethers have extraordinary low temperature properties. It just does not take

very much thermal energy to produce some degree of vibrational energy in the

ether linkage. There is also at very low temperatures free rotation about the ether

linkage. For this reason well chosen perfluoropolyether structures will

have excellent liquid properties at temperatures as low as -80° or -100 0 C. This

also gives a small increase in the high temperature thermal stability since the

ether linkage introduces considerable flexibility under thermal stress.

In the following pages one can see some of the structures that have very

recently been synthesized in our laboratory:
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C4 HFCF 3  
C4 N-C-CH 34 F

C,4, O -.GO4 3 )4 .. ZF  C-CF-0-CF3 )4  M.,. SS2 C-4-CF2--- rF))3)4 N.W.

2 34 a b c 0 4 ~~0GC 3 )) L.1~a ~~C b O 2  19F

13
t(

19
fl and iFnr data: I F nr data:CF3 - 0 -CF 2 -C - CFz 2 0- CF 3

C mr sows a Warp singlet at -70.0 for CF3

a) 66.556 C
F  

the CF sial is an envelope of peaks center" t -13

6) 119.363 -70.0 (relative to CFCl3) a

0) 117.212 -S7.9 CF3 mIS irpectral data:

WsS spectral data: no (P-F) observed

(P-F) n/e S33 hos regularly spaced peaks characteristic of polymerized

C7F1 303  379 mteri al

7F90 291 mterial otained is a viscous, very non-volatile

C5F 7 2  22S

CF3OCF2  13S (base peak)

CF3  69 CF3

CF3 - C - CF3
elemental analysis: 0

ca]c. found
CF33  CF 19.4

19.541 C 19.34 CF3 . C - 0 -CF 2 - C - CF2 -0 -C - CF3

54.66 F 68.84 CF3  C C 3

0.00 M 0.00 00

12.00 0 11.S9 CF3  1 CF- CF3

bolting point: 130.7*C 
C 3

miting point -67.8C

3 8, yV i ld 
F 3PIItFLLIR(KINTAERYThRITYL TETRAETHYL ETHER) 1F3

FCF
2

C -4- 04-.-0)4-CM -4- CF -0-CF -CF M .W. 752 0
2 2 3 ) a b 

2  
c 

2 
d 3 4 1

1¢19F) and 
19
F mr data: CF3 -CF2  0 - CF2 - CF2  0 CF2  CF3

CF 
2

a) 67.012 1
0

b) 118.453 -90.3 (relative to CFCl 1
3 CF 2

c) 116.047 -69.3 1

d) 114.3S6 -67.2 CF3

mass spectral data:

(P-F) e/a 733 CF3CF2OCF2  I/ 185

C9lF1703  479 CF3CF2  119(base)

C7Fl103  341 CF3  69

C6F902  275

*lOMnta) analysis: boiling point 170,C

calc. found melting point -60*C

20.76% C 20.44 ZS1 yield

70.73 F 70.61

0.00 H 0.07

6.51 0 6.66
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* Further we have prepared what we believe is the first perfluoro ortho-

carbonate:. Cf00 3)4  2 L. C40CF 3)a N.V. 35S2

Cr 3
0 Boiling point 20.81C

CF 3  - C - 0 -CF 3  Melting point -45.00C

0 Yield 49.51

6r3

13 C(19F) (vs. ext. ( 3)24Si) and 19F (vs. ext. CFCi. 5) lwr dta:

A) 118.6 pPM -59.0 Poe

b) 114.3 pPM

gass SP*CtrAl data: elemental Analysis:

(POF3+ 267 COIC. found

CCF(OCF 3)2)* 201 17.05 C

COCDCF33r 113 64.77 F in process

(COF) 335a 0.00 N

EOCFJ* 47 13.13 0

Recently we published a manuscript on the first perfluoro crown ethers. 1
0

Namely perfluoro 18-crown-6, perfluoro 15-crown-5, and perfluoro l2-crown-4 have

be n re ar d .F2 FZprop W'e s d careegriaaI of perfliaoro 15-crown-S and
0 0 ee~2  - o operiucc 1.aom-4.Sawact'y leiefla) aalies(C. F) were

_____ 2_ F2  obtained.

-0 0 78 -, 4 C F20 5F2I-crownS5 12-crowan-4
Boiling point. -C 146 118

12-cmwn-4 ZF

pemflsaoro 12-000 f-4 1.r. (vapourphase)-cflI M20S), 1260(vs).
1228(vs). 11 8M(v).
l1SS(vs). 11&(vs).
745(m) 1060(m).

F2 F2 32(m).

NeIF N.m.r. (nestliquid) 'PF -91.U8(s) p.pm. "IF-900(s) p-p-m

0-73 -Wks C 
(et 2F~

F2 ,,O 2 w O Mj4SCF0.

a-cowl-5 )W - F)
perfluoro 15crowwi S a A table for the strailht-chain tragpntatiofl products listing mass

spectral and "vF data (two pages) is available from the authors

0 0r 0~O 0 F

02 o

U-erse~-6perfluoe 1W-croww-6
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This work by Wen-Huey Lin of our research group has produced some really

interesting and thermally stable fluorocarbons. The perfluoro crown ethers are

much weaker bases than crown ethers. We already know of a number of potential

applications for the materials. As far as coordinating cations, we are doing

some collaborative work with Dr. Barry Haymore of Monsanto. We have succeeded

in showing that we can at least clatherate the potassiu;. ion in 18-crown-6.

The perfluoro compounds 15-crown-5 and 12-crown-4 are nontoxic extremely stable

liquids whereas perfluoro 18-crown-6 is amazing in its physical appearance. It

forms beautiful crystals in sealed tubes often weighing as much as half a gram.

These single crystals have an appearance very similar to zircons, material

commonly used for sparkling costume jewelry. The structure of perfluoro

18-crown-6 has been done and is a feature of a second full paper about to
11

emerge.

The 18-crown-6 structures is considerably less planar than the hydrocarbon

structure.
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The success that we had with the perfluoro crown ethers has also led us to

look for other systems that would have somewhat similar properties. Previously

perfluoro cyclooctane was prepared by elemental fluorine reactions in our

research program. 12 Thus a very able member of our research group, Hsu-Nan

Huang, prepared a number of unknown cyclic fluorocarbons and they too have

applications in the fluorocarbon biomedical area and licensing possibilities are

under discussion for these as well.13

F ,

FF
• b D I 2. C u~m . V m . p u c
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I
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Note also in the figure above that there are some really interesting temperature

dependent NMR phenomena associated with the new species where nonequivalent

fluorine are observed until the ring compounds are heated and there is rapid

ring equilibration. The structures of these species are being obtained in

collaboration with the Simonsen crystallography group at the University of

Texas.

Another area of active interest recently in our research program has been

the synthesis of organofluorine sulfur compounds. One of the most spectacular

of these recently prepared is the species perfluoroneopentyl sulfur penta-

fluoride which we obtained in high yield from the mercaptan. 14 We are in hope

that this will also be a dielectric material such as SF6. Its boiling point is

108 0C and melting point -870 C. We are very interested in the structure of this

material. F 13

Cx3  F Nc, -IZCF3F,, I ,I cF3

CM3-C-C 2 SM -120c -- RT

I F

?! 0%

pmw~omumnroe mu &m

• LP.., *S*.

5r C3  IaI. RII. *g.J m C. v

£ ~I IM(I) I(I*I
F *41.11.

A i

.A . ... .

-d CF3

J F
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On the next pages you will see a number of other sulfur fluorine carbon

compounds which were made for various reasons recently. Some of these have such

interesting structures where the syntheses should be of definite interest to

reviewers who have a background and interest in organosulfur fluorine chemistry.

Some are starting materials for new fluorocarbon functional membranes. Ten

other organofluorine structures are in the process of being fully characterized.

C30

CCF- 0 CF

'S. C 3  01
HM- S-F "CF'5-F + 0CH-S-F
nH 0 10eR CF3 0 CF3  0 juJ.17a

SON %IN* dM S%N4

~a U% h~ 7m 
__ILI,_

3ON 79ft

a.,6A

C 0,
~i.I 63: J --I h

J. A ' a. - ,1,,WG.A-C JI-.
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Highly branched perfluorocarbons 14 14 14 le to

We have had a long and continuing interest in highly branched

fluorocarbons. One very interesting compounds just prepared is perfluoro-3,3-

diethylpentane (a perfluoroneopentane analogue).
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F
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We have some preliminary results as well on the propyl and butyl four coordinate

carbon species. 1 5  It does appear that we may be able to synthesize both of those

compounds as well as produce some highly interesting fragment materials from the

breakage of only one of the chains while the very sterically hindered molecules

undergo fluorine substitution.
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